Introduction
Clouds play a major role in the energy balance of the Earth's climate system.
They exert both a cooling effect by reflecting sunlight back into space and a warming effect by trapping the heat emitted from the surface. For understanding the role of clouds in the climate system, the term "Cloud Radiative Forcing (CRF)" is a useful concept which provides a measure of how much clouds can modify the net radiation, at wavelengths ranging from 0.3 to 100 micrometers, of the Earth system. Regions of positive CRF indicate areas where clouds act to increase net energy into the Earth system; while areas of negative CRF signify regions where clouds act to decrease net energy into the Earth system.
The Earth Radiation Budget Experiment (ERBE) was the first satellite experiment that provided observational estimates of changes in the longwave and shortwave radiative fluxes at the top of the atmosphere due to clouds (Ramanathan et al., 1989; Harrison et al, 1990; Kiehl and Ramanathan, 1990, Stephens and Greenwald, 1991; Hartmann et al., 1992 and others) . The ERBE data revealed that changes in the shortwave and longwave fluxes due to presence of deep clouds over the tropics were nearly of the same magnitude but opposite in sign (Kiehl and Ramanathan, 1990) . A near cancellation between the shortwave CRF and longwave CRF in the equatorial Pacific was noted by Kiehl (1994) . However, there are regional peculiarities wherein the shortwave and longwave components of CRF at the top-of-atmosphere (TOA) may not always cancel. For example, Rajeevan and Srinivasan (2000) showed that the widespread coverage of large amoxmt of high clouds with large optical depths over the Asian summer monsoon region gives rise to a large negative net cloud radiative forcing (NETCRF) during the June-September months. In a more recent study, Sathiyamoorthy et al., (2004) pointed out that the spreading of cloud tops by the strong easterly winds in the upper troposphere can increase the highcloud amount over the Asian monsoon region during the northern summer.
This chapter investigates the importance of cloud-radiative effects that operate on sub-seasonal / intra-seasonal time-scales over the tropical Indian Ocean and monsoon environment. The motivation for this study stems due to the occurrence of substantial variations in the regional convective activity in association with the summer monsoon intra-seasonal variability (Waliser et al., 2005; Goswarru et al., 2005) . On this time-scale, the fluctuations of monsoon precipitation over the Indian landmass are characterised by periods of enhanced and reduced rainfall -which are commonly referred to as "active" and "break" phases of the monsoon (Ramamurthy, 1969; Rrishnamurti and Bhalme, 1976; Yasunari, 1979; Sikka and Gadgil, 1980; Krishnamurti and Subrahmanyam, 1982; Hartmann and Michelsen, 1989; Singh and Kripalani, 1985) . Prolonged breaks in the monsoon rainfall often result in droughts which produce adverse socioeconomic impacts in the region (Sikka, 1999) . While monsoon-breaks are associated with suppression of rains over the Indian landmass, it has been known that convection generally intensifies over the near-equatorial Indian Ocean during break periods (e.g., Yasunari, 1979; Sikka and Gadgil, 1980; Lau and Chan, 1986; Krishnan et al., 2000; Annamalai and Slingo, 2001 and Krishnan et al, 2006) .
For example, the extended monsoon-break during July 2002, which resulted in a severe drought, is a good case to illustrate this point. The 2002 monsoon drought has been explored by several investigators from different view-points (e.g., Gadgil, et al., 2005; Vinay Kumar and Krishnan, 2005; Fasullo, 2005; Saith and Slingo, 2006; Krishnan et a\., 2006) . The mean climatological conditions for July and the anomalous conditions during July 2002 are depicted in respectively. It can be seen that the climatological total cloud cover over Bay of Bengal and the equatorial eastern Indian Ocean during July is dominated by high clouds. Studies have shown that the surface radiative budget over the equatorial eastern Indian Ocean is largely influenced by high clouds (e.g., Fu et al., 1996 , Rajeevan, 2001 . Also, it can be noticed from Figure 3 .1e that the climatological high cloud cover is small over the western Arabian Sea off the coasts of Somalia and Arabia. In fact, earlier studies have reported that the contribution of high clouds to the total cloud cover is small over the colder oceanic regions associated with upwelling e.g., the western Arabian Sea; the sub-tropical regions of southeastern Pacific and Atlantic (Fu et al., 1996) . The anomalies of total cloud and high cloud cover during July 2002 are shown in Given the nature of anomalous convection over the SETIO during monsoon-breaks, a question that arises is the possible role of cloud-radiative effects in pre-conditioning the tropical Indian Ocean during the evolution of prolonged monsoon-breaks. This issue assumes significance because it provides a basis for understanding the long-lasting nature of convective anomalies over the SETIO region. Here, we particularly focus on extended monsoon-breaks which are longer than 2-weeks. It is well-recognised that air-sea exchanges on intra-seasonal time-scales in the tropical Indian Ocean give rise to significant fluctuations of sea surface temperature (SST) and heat fluxes at the oceanatmosphere interface (Rao, 1987; Krishnamurti et al, 1988; Sengupta et al., 2001; Sengupta and Ravichandran, 2001; Bhat et al., 2001; Veechi and Harrison, 2002) .
Earlier studies have reported anomalous warming of SST preceding a convection maximum in association with positive shortwave and latent heat flux anomalies into the surface (e.g., Shinoda et al., 1998; Hendon and Click, 1997; Woolnough et al., 2000) . These investigations suggest that spatially coherent SST anomalies, with amplitude of about 0.3-0.4°C, develop in the Indian Ocean and propagate eastward along with the large-scale convective anomaly, but with a lag of nearly 10-15 days. Coincident with the convective maximum, the decrease in the shortwave flux and increase in the evaporation from the surface are known to cool SST following the development of convection (Woolnough et al., 2000) .
Coupled model simulations indicate that positive (negative) SST fluctuations in the Bay of Bengal are highly correlated with more (less) precipitation with a lead time of more than a week (Fu et al., 2003; Fu and Wang, 2004) . Since monsoonbreak transitions are accompanied by significant convection changes over the SETIO (e.g., Krishnan et al., 2000) , it would be worthwhile to examine if cloudradiative effects can modulate the variability of SST in the SETIO during the evolution of prolonged monsoon-breaks. This study is based on analysis of satellite observations of shortwave and longwave CRF at the TO A; radiative flux products at the surface, SST and related parameters. The datasets used in the present study are described below.
Data used
Monthly shortwave and longwave fluxes at the TOA based on radiometric were nearly of same magnitude but opposite in sign, which is consistent with the ERBE observations (e.g., Kiehl and Ramanathan, 1990; Kiehl, 1994) . 
CRF and SST variations in the tropical

Surface CRT from SRB dataset (1983-93)
The results from the 2002 analysis motivated us to examine the CRF at the surface during other instances of monsoon-breaks in the past. For this purpose, we have used the SRB daily dataset which is available from 1983 through 1993.
Based on the monsoon-break days identified by Krishnan et al., (2000) , we have considered cases of prolonged monsoon-breaks during 1983-1993 which are given in Table 3 .1. Figure 3 .6a shows the composite of cloud amount based on the monsoon-break days listed in Table 3 .1. The erJ:ianced cloudiness over the SETIO and decreased cloud amount over the Indian landmass brings out the regional contrast in the cloudiness pattern associated with monsoon-breaks. The enhanced cloud amount over northeast India in Figure 3 .6a is a typical feature seen during weak phases of the southwest monsoon that results from a northward shift of the monsoon trough from its normal position (Ramamurthy, 1969; Rao 1976) . The SWCRF at the surface shows negative values of about -110
Wm-2 over the SETIO region associated with the large cloud amounts ( Figure   3 .6b). However, the surface LWCRF over the SETIO is relatively small in magnitude (~ 25 Wm-2) in the monsoon-break composite (Figure 3.6c ).
We now contrast the cloud radiative effects between "break" versus "pre-break" phases. The composite of cloud amounts during the pre-break phase is shown in Figure 3 .6d. The pre-break composite is based on averages over 10days preceding the commencement of each monsoon-break. The well-defined east-west oriented cloud band across the South Asia (Figure 3.6d Figure 3 .6: Composites of total cloud amount (%), surface SWCRF (Wm'^) and surface LWCRF (Wm"2) during "break" and "pre-break" phases -constructed from the Surface Radiation Budget (SRB) dataset w.r.t the prolonged monsoonbreaks during 1986, 1987 and 1992. The "break" composites are based on the monsoon-break days given in Table 3 .1. The "pre-break" composites are 10-day averages prior to commencement of each of the break spell. The figures in the left column (a,b,c) correspond to the "break" composites; and the figures in the right column (d,e,f) correspond to the "pre-break" composites. Table 3 .1.
Daily variation of convection and CRF over India and SETIO
The conxtnencement of a monsoon-break over the Indian subcontinent is preceded by significant convection changes over the tropical Indian Ocean, which can be inferred from satellite observations of Outgoing Longwave Radiation (OLR). Rrishnan et al. (2000) noted the appearance of suppressed convection and high pressure anomalies over the equatorial Indian Ocean nearly 7-10 days prior to the initiation of a monsoon-break over India; subsequently the convectively stable anomalies were found to spread over the eastern Indian
Ocean and also extended northward over the Bay of Bengal. Their analysis showed that monsoon-breaks tend to be initiated following a rapid westnorthwest movement of the dry convectively stable anomalies from the Bay of Bengal into north-central India. Table 3 .1). In Figure 3 .8a, Day (0) corresponds to the day of monsoon-break initiation. The days preceding Day (0) correspond to the "pre-break" phase (i.e.. Day -10, Day -9 ... Day -1); and the days following the initiation of monsoon-break (i.e. "break" phase) are given by (Day +1 ... Day +14, Day +15). It can be seen that prior to the commencement of monsoon-breaks, above normal convective activity (i.e., negative OLR anomaly) prevails over the Indian landmass. At this time, convection over the SETIO is subdued as evidenced from the positive OLR anomalies. Following the commencement of the monsoon-break phase, suppressed convection appears over the Indian landmass with positive OLR anomalies as high as +40 Wm'^. In contrast, the OLR anomalies over the SETIO show negative values as low as -25
Wm"2 during the break phase. The intensification of convective activity over the SETIO can be seen from Day +2 onward. The out-of-phase variability of convection over the Indian landmass and the SETIO is consistently reflected in the daily evolution of the NETCRF at the surface (Figure 3.8b) . The NETCRF at the surface shows a gradual rise over the Indian landmass -with a mean value of about -82 Wm-2 during the "pre-break" phase and about -37 Wm-2 during the "break" phase respectively. In contrast, the NETCRF at the surface over the SETIO region shows a decline as the monsoon-break evolves -with a mean value of about -33 Wmr^ during the "pre-break" phase and about -57 Wnr^ during the "break" phase respectively. and ISJETCRF at the surface (Wm"^) during monsoon-break transition. The composites are constructed based on the prolonged monsoon-breaks given in Table 3 .1. The solid line is for the Indian landmass (70°E-85°E; 16°N-28°N); and the dashed line is for the SETIO (70°E-105°E; 10°S-5°N) (a) OLR anomalies from NOAA satellite (b) NETCRF at surface from SRB dataset.
SST changes associated with monsoon-break transitions
The signatures of cloud forcing on the ocean temperature anomalies, associated with monsoon-break transitions, are examined using SST from the OISST as well as the TMI datasets. While the OISST data has a longer temporal coverage from 1981 onward, it is basically a weekly SST product. Moreover since the OISST dataset is derived from AVHRR, the accuracy of SST measurements can be affected due to obstruction by clouds in the field of view. Keeping this in view, we have additionally utilised the TMI dataset in our analysis of SST variability since it overcomes the problem of obstruction due to clouds (Wentz 1998; Chelton et al. 2001; Harrison and Vecchi, 2001 First, we examine the daily evolution of OLR and SST from the TMI dataset for the SETIO region. Figure 3 .9a shows the time-variation of OLR anomalies over the SETIO composited with respect to the prolonged breaks during 2002 and 2004 (see Table 3 .1). The positive OLR anomalies from Day (-10) to Day (+1) indicate lack of convection over the near-equatorial Indian Ocean.
The appearance of negative OLR anomalies from Day (+2) onward indicate intensification of convection over the SETIO region following the initiation of "monsoon-break" over the Indian landmass. The time-series of the TMI SST in the SETIO region (Figure 3 .9b) shows a SST warming tendency from Day (-10) to Day (+1) -corresponding largely to the "pre-break" phase when relatively cloudfree conditions prevail over the SETIO. It can be seen that the mean SST during the "pre-break" phase is quite high (~ 29.3°C) suggesting that the lack of cloud cover over the SETIO acts to pre-condition the underlying ocean by allowing more solar insolation to warm the ocean surface. From Day (+2) onward, the SST variation over SETIO shows a cooling tendency associated with the enhancement of convection and cloud-cover. The mean SST in the SETIO region averaged from Day (+2) to Day (+15) is about 28.6°C. Thus, the typical change in SST in the SETIO from the "pre-break" phase to the "break" phase is around 0.6°C. The decrease in the mean SST during the "break" phase relative to the "pre-break" phase is consistent with the reduction in solar insolation at the surface due to the increase in cloud cover over the SETIO. Table 3 .1). The OLR anomalies are from NOAA satellite; and the SST is based on the TMI dataset.
SETIO 2002 & 2004
Past studies have reported that the observed intra-seasonal variability of SST in the tropical Indian Ocean is predominantly driven by surface insolation anomalies associated with anomalous large-scale convection; with secondary contributions from the anomalies of latent and sensible heat flux across the Indian Ocean (e.g., Hendon and Click, 1997; Shinoda et al., 1998) . Further model simulation experiments will be needed to accurately quantify the contributions of individual physical processes to the net surface heat flux variability and observed SST tendencies in the tropical Indian Ocean during break-monsoon transitions.
The spatial patterns of the SST difference ("break" minus "pre-break") based on the OISST and TMI datasets are shown in Figures 3.10(a, b) . For the weekly OISST data, we have prepared SST composites during the "pre-break"
and "break" phases based on the cases of prolonged breaks shown in Table 3 .1.
Since we have considered breaks having duration longer than 2 weeks, the average of SST for the first and second weeks of the break period were taken as the "break" phase. For the "pre-break" phase, we have considered the average of SST for the two weeks preceding the break period. The SST difference ("break" minus "pre-break") between the two phases is shown in Figure 3 Examination of the wind-field revealed intensification of southerlies over this region during the "break" phase relative to the "pre-break" phase (figure not shown). Our understanding suggests that the SST cooling (Figure 3 .10) off the Arabian Coast (north of 15°N) involves not only changes in the net heat flux at the surface; but also wind-induced changes in the ocean circulation. However, a detailed investigation of this issue will require a separate study. The point that is directly relevant to the present discussion is the occurrence of SST cooling in the equatorial and southern tropical Indian Ocean (Figure 3.10) . Negative SST anomalies, in the range -0.5°C to -0.9°C, can be seen extending eastward from about 60°E up to 95°E. The cooling tendency in the SETIO is much more pronounced in the TMI dataset as compared to the OISST anomalies. The SST change of nearly -1.0°C provides supporting evidence for the reduction in solar insolation at the surface over the SETIO region due to increase of cloud cover following the transition from the "pre-break" phase to the "break" phase. .10: Spatial pattern shows the change in SST (°C) between the "break" and "pre-break" phase from the (a) weekly OISST (b) daily TMI dataset. The OISST composite is based on the all the prolonged breaks during 1982-2004 given in Table 3 .1. The TMI SST composite is based on the prolonged breaks during 2002 and 2004.
Discussions and concluding remarks
The implications of the CRF on the SST variability in the equatorial and southeastern tropical Indian Ocean (SETIO) are important in that they provide a physical basis for interpreting why monsoon-breaks can sometimes prolong for more than 2-3 weeks, thereby leading to drought conditions over the Indian subcontinent. Anomalously warm SST in the SETIO associated with strong eastwest SST gradients favovir westerly winds along the equator which enhance the moisture convergence and convective activity over the SETIO region (Krishnan et al., 2006) . GCM simulation experiments suggest that the enhancement of convective activity over the warm SETIO can induce anomalous subsidence over the Indian subcontinent and weaken the monsoon Hadley cell, thereby leading to deficient rainfall over India (Krishnan et al., 2003) .
It is seen from the present study that the scarcity of cloud-cover over the SETIO during the "pre-break" phase allows pre-conditioning of the equatorial Indian Ocean through increased solar insolation at the surface.
During the "pre-break" phase, the NETCRF at the surface is found to be typically about -30Wm-2 with SSTs warmer than 29.3°C in the SETIO region. Following the transition from the "pre-break" to the "break" phase, the convection over the Indian landmass is suppressed; while that over the equatorial Indian Ocean intensifies. Results from the present analysis indicate that the cloud amount over the SETIO can increase by nearly 25% following the transition to the "break" phase. The NETCRF at the surface during "break" phase over the SETIO is found to be around -60 Wm-^ (i.e., a change of about -30 Wm-2 from the "prebreak" phase). SST measurements from the TMI indicate a cooling of about 0.6°C in the SETIO associated with the reduction in solar insolation at the surface due to increase of cloud amounts following the monsoon-break transition.
convection is significantly enhanced by strong surface wind convergence near the local maximum of SST (26° -28°C). Based on the above points, it is deduced that the warm SST (> 28.5°C) during July 2002 and weak surface divergence over the SETIO were crucial in sustaining the enhanced convective activity over the region.
In summary, the present study has brought out the importance of cloud radiative effects on the intra-seasonal variability of SST in the SETIO region associated with the evolution of monsoon-breaks. The findings lend credence to the occurrence of significant SST warming in the SETIO during the "pre-break" phase, in association with increased surface solar insolation under relatively cloud-free conditions over the region. It is hypothesised that this preconditioning of the SETIO during the "pre-break" phase is important for sustaining high values of mean SST (> 28.5°C) during prolonged monsoonbreaks. These results could have likely implications on foreshadowing the monsoonal rains on time-scales of days-to-weeks. In a more recent study, Veechi and Harrison (2002) have suggested that SST variations in the Bay of Bengal can be useful precursors of an ensuing monsoon-break. Since the suppression of convection over the SETIO and the associated SST warming in the region appear nearly 7-10 days prior to the initiation of a monsoon-break over India, efforts to monitor the coupled interactions in the tropical Indian Ocean would greatly help in tracking the evolution of monsoon-breaks. The analysis presented here has been mostly explorative in nature; it is our future plan to carry out coupled model experiments to better quantify the details of the ocean-atmosphere coupling during monsoon-break transitions.
